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POLYMALIC ACID-BASED MULTIFUNCTIONAL DRUG DELIVERY SYSTEM 

[0001] The present application is based on U.S. Provisional Patent Application Serial No. 60/527,330 filed 5 
December 2003 and claims priority from that application. 

5 Background of the Invention and Description of the Prior Art 

[0002] The present invention relates to the field of targeted delivery of drugs and more specifically involves a 
multifunctional targeted drug delivery vehicle. 

[0003] Currently several different molecular scaffolds are used in the synthesis of drug vehicles; notable 
examples are N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer (20 - 30 kDa) [42] and other derivatives 

10 of polycarylic acid. However, these are not considered to be biodegradable [43, and references therein], because of 
their carbon-carbon backbone, and they are problematic due to inevitable contamination by hazardous acrylic acid 
[44]. Other, degradable scaffolds (e.g. poly(L-glutamic acid) [45] may have unfavorable properties, like rotational 
restriction around the peptide bond or limited solubility in organic solvents desirable for chemical synthesis and 
product purification, and, in addition, is supportive of immunogenicity in the structural proximity to other 

1 5 potentially immunogenic structures due to the high hydrogen bond forming capacity of the peptide backbone [45, 
46,47]. 

[0004] Antisense Technology. Antisense oligonucleotides (oligos) that bind and inactivate specific RNA 
sequences may be one of the best tools for studying gene function, regulation of gene expression, interactions 
between gene products, and validation of new therapeutic targets for drug development. Antisense oligos offer the 
20 promise of safe and effective therapeutics for viral diseases, cancers, and other devastating diseases. Specific 
antisense oligos that mimic DNA template for RNA production are used to bind to complementary RNA and to 
prevent protein translation (e.g., of tumor markers) [1]. 

[0005] There are promising data on the use of antisense technology in gliomas. Glioma growth in vitro and in 
nude mice can be inhibited by antisense to telomerase [2]. A pilot study showed that antisense to IGF-I receptor 

25 induced glioma cell apoptosis and resulted in clinical improvements of patients [3]. Several clinical trials are 
currently using antisense oligos for treatment of other cancers [4]. These studies take advantage of new generation 
antisense oligos free from insufficient specificity, stability, and non-antisense effects [5]. The most promising 
varieties of improved oligos are Morpholinos oligos and peptide nucleic acid (PNA) oligos. These varieties have 
the highest sequence specificity of all antisense types, and maintain this specificity over a very broad concentration 

30 range [6, 7, 8, 9, 10 and 11]. A new, rapidly evolving, variant of antisense approach is represented by small 
interfering RNAs (siRNAs) that are also highly potent gene expression silencers and potential anticancer drugs. 

[0006] Combined blocking of several molecular markers in vitro and in vivo to prevent tumor progression. This 
approach has long been used successfully in cancer chemotherapy but has not yet been applied to targeting specific 
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tumor markers. Only following the development of gene/protein array approaches, did it became possible to obtain 
and correlate data on concerted changes of specific genes during tumor progression and recurrence. Such concerted 
changes offer a possibility of counteracting simultaneous alterations of several genes in the hope of efficiently 
blocking tumor development and progression. There are several candidate genes for blocking to stop glioma 
5 growth and spread including tyrosine kinase receptors (e.g., EGFR), some growth factors, and antiapoptotic genes 
that can be potentially used in combination with chemotherapeutic agents to more efficiently prevent tumor growth 
[12, 13, 14, 15, and 16]. Our earlier studies identified another potential candidate protein, laminin-8, which is 
overexpressed in brain and breast tumors, correlates with poor prognosis of gliomas and is involved in glioma 
invasion. 

1 0 [0007] Drug delivery. For direct targeting of cancer cells to treat tumors, the drugs, e.g., monoclonal antibodies, 
antisense oligos or small molecules (such as Tarceva (erlotinib)), should be able to penetrate the cell membrane. 
There are three basic methods for intracellular drug delivery, passive diffusion through aqueous channels or pores 
in the membrane, passive diffusion of lipid-soluble drugs through dissolution in the lipids of the membrane, and 
carrier-mediated active transport (viral vectors, liposome-mediated gene transfer system, special chemicals) [16, 

15 17]. Brain tissue is especially difficult to treat with drugs because it has a special blood brain barrier with tight 
junctions between brain microvascular endothelial cells that prevent penetration of water-soluble and ionized or 
polar drugs [18, 19]. 

[0008] High molecular weight molecules have recently received special attention because of the enhanced 
permeability and retention (EPR) effect observed in cancer tissue for macromolecules and lipids (MW>45 kDa) 
20 [20, 21, and 22]. Unlike small molecule anticancer drugs used today, which do not discriminate tumor from normal 
tissue, macromolecular (or polymeric) drugs can target tumors with high selectivity through the EPR effect [22, 
23]. One such promising drug earners, poly-L-malic acid (PMLA), has been developed by one of the present 
inventors [24, 25]. 

Summary of the Invention 

25 [0009] It is an object of the invention is to solve the problems that have formerly plagued drug carrier systems by 
using polymalic acid, which carries an abundance of functional carboxylic groups, at least about 50 of such groups 
and about 500 per polymalic acid molecule of mass 50,000. The polymalic acid is readily available in a range of 
sizes from a molecular mass of 2,500 to at least 100,000. This allows the attachment of a large number of 
biologically active functional molecular modules to achieve: 

30 • a high variability in the kind and number of tissue targeting molecules per drug carrier molecule; 

• a high variability in the kind and number of conjugated drug modules (pro-drugs) per drug carrier 
molecule; 

• an ability to control solubility by having groups carrying either hydrophobic or hydrophilic residues in 
addition to the functional modules; 
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[0010] 



an ability to conjugate, other than the described functional modules, additional groups, such as PEG, 
which are active in protection of the carrier system against degradation e.g., to increase lifetime in the 
blood circulation system; 

a carrier scaffold that is biodegradable, along with many other residues used as building units of the 
drug delivery system; 

a system with no use of viral components; 

a delivery system with functional modules (mABs or other tumor cell surface receptor ligands), the 
kind of drug (antisense oligonucleotides to malignantly expressed genes), and a totally high molecular 
mass of tiie drug delivery system account for high specificity towards tumor tissue (EPR-effect); and 

a drug system of low toxicity allowing rat dosages as high as 5 mg/kg rat body weight. 

A further object of the invention is: 



to facilitate synthesis of a drug delivery system by avoiding convoluted synthetic methods and 
uncontrollable side reactions; 

to build in favorable solubility and other properties that provide an easy purification; 

15 • to achieve maximum yields that allow defined stoichiometry and the reproducibility of each individual 

chemical conjugation reaction; 

to lay the structural and synthetic fundaments for a high variability regarding the kind and number of 
conjugated functional modules; and 

to provide a technology that allows simple scale up of the drug delivery system. 
20 [001 1] The technical invention includes: 

the choice of drug delivery system employing polymalic acid as a backbone or scaffold that carries a 
very high number of reactive carboxylic groups (about 500 for a scaffold of molecular mass 50,000); 

activation of most (ideally all) of these carboxylic groups by forming their NHS-esters; 

chemically independent preparation of functional modules, which carry single amino groups as 
2 5 nucleophiles for substitution at the NHS-activated carboxyl groups; 

preparing the activated scaffold and each of the reactive functional modules separately; 

combining and reacting the NHS-activated scaffold and each reactive functional module independent 
but in a well defined sequential order, allowing purification and verification of the desired 
intermediates / products after each addition of a newly added functional module; 

30 • combining these reactants in stoichiometric amounts; 

achieving high and reproducible yields of conjugates; and 

avoiding side reactions of newly added reactive functional modules with the already conjugated 
modules by choosing a well organized hierarchy of sequential additions for the conjugation of the next 
incoming functional modules. 

35 [0012] The design and synthesis of a carrier or scaffold is described, which transports a covalently conjugated 
drug to a targeted tissue, binds to cell surface receptors of the tissue, internalizes into endosomes, escapes the 
endosomes into the cytoplasm, and releases reactive free drug in the cytoplasm by chemical reaction with 
glutathion and other sulfhydiyl groups of the cytoplasmic content. The specificity of high molecular mass drug 
vehicles or even particles rests on the both the tumor tissue targeting by tumor-specific conjugated targeting 

40 molecules and their enhanced permeability and retention in tumors (EPR-effect) that solely originates from their 
high molecular mass (>20000)[40, 41]. 
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[0013] The scaffold poly(malic acid) (PMLAH) used in the present patent application contains a main chain ester 
linkage, is biodegradable [27, and references therein] and of a high molecular flexibility [49], soluble in water 
(when ionized) and organic solvents (in its acid form), non-toxic, and non-immunogenic [27, and references 
therein]). Drug carrying PMLAH has been mainly synthesized by ring-opening polymerization of derivatized 
5 malic acid lactones [27, and references therein]. Synthesis of Doxorubicin-poly(malic acid) has been reported from 
chemically synthesized poly(|3-D, L-malic acid) [49]. Hie synthesis of drug vehicle from naturally occurring 
PMLAH has not been carried out. The kind of highly functional drug delivery system described in the present 
patent application has not been previously disclosed. 

[0014] The carrier consists of poly (P-L-malic acid) (PMLA) representing the molecular backbone or scaffold 
1 0 that is chemically conjugated at its carboxylic groups at defined ratios with a variety of functional modules that 
perform the following tasks: (1) delivery of a pro-drug via a releasable functional module that becomes effective in 
the cytoplasm, (2) directing the carrier towards a specific tissue by binding to the surfaces of cells (e.g. a 
monoclonal antibody (mAB)), (3) internalization into the targeted cell through endosomes (usually via 
internalization of a targeted surface receptor), (4) escape from endosomes into the cytoplasm by virtue of 
1 5 hydrophobic functional units that integrate into and finally disrupt endosomal membranes, becoming effective 
during acidification of endosomes en route to lysosomes, (5) protection by polyethylene glycol (PEG) against 
degradative enzyme activities (e.g. peptidases, proteases, etc.). 

[0015] In this invention a "module" is a biologically active molecular structure ranging from a small drug 
molecule or chromophore molecule to a complete protein molecule such as an antibody or lectin. In the case of the 

20 examples presented herein (1) is represented by morpholino antisense oligonucleotides against oc-4 chain and (3-1 
chain of laminin-8 [34, 5 1] coupled to an intervening spacer by an amide linkage by means of an -NH 2 (amino) 
group artificially introduced at their 3 '-termini. Tlie spacer is attached to the carrier by a disulfide moiety that is 
cleavable in the sulfhydryl-disulfide exchange reaction with glutathion in the reducing milieu of the cytoplasm [51, 
52]. (2) Tissue targeting is designed by employing a monoclonal antibody (mAB) to recognize and bind rat 

25 transferrin receptor. This receptor has been found expressed on endothelium cell surfaces that function as the blood 
brain barrier (BBB), and at elevated levels on certain tumors [53, 54]. In vitro and in vivo studies indicate that 
transferrin receptor may be used as an anchorage for a drug delivery system chemically bound to transferrin or 
mAB OX-26 or any other appropriate mAB that binds the transferrin receptor and thereby achieves transcytosis 
through blood brain barrier (BBB) of rat or mouse or other mammals depending of the allotype of the antibody [5, 

30 56, 57; 45, 58, 59, 60, and 61]. (3) Antibody binding to transferrin receptor and internalization into endosomes has 
been demonstrated [57, 55, and 57. It will be appreciated that in the case of the transferrin receptor any appropriate 
antibody, mAB, humanized or chimeric antibody or lectin or other ligand specific to the transferrin receptor can be 
used. It is also appreciated that approriate ligands to any number of cell surface receptors or antigens can be used in 
the invention and that transferrin receptor is merely an example. (4) Endosomal escape has been shown to function 

35 for polyacrylic acid derivatives by acidification during maturation of the endosomal vesicles towards lysosomes 
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[5 1, 62]. The designed carrier proposed in this patent application carries an abundance of valine residues linked to 
the polymalic acid scaffold by amide bonds. During acidification of the endosomes en route to lysosomes, these 
stretches of the carrier molecule become charge-neutralized and hydrophobic, and are capable to disrupt 
membranes. Other molecules may be used in place of valine so long as they become charge neutralized at lysomal 
pHs. (5) PEGylation markedly increases the half-life of conjugated proteins [63], prolongs the circulation time, and 
enhances extravasation into targeted solid tumors [64]. Any other molecule know to increase half-life may be used 
in the invention. 

Description of the Figures 

[0016] FIGURE la shows the overall structure of a drug molecule of the present invention. 

[0017] FIGURE lb shows the overall sequence of steps used to assemble the structure of Fig. la. 

[0018] FIGURE 2 is a diagram illustrating the synthesis of PMLA-NHS ester; 

[0019] FIGURE 3 is a diagram illustrating the synthesis of (PDP-morpholino) antisense oligonucleotides; 

[0020] FIGURE 4 is a diagram illustrating the synthesis N-(fluorescein-5 r -thiocarbamoyl)diaminohexane; 

[002 1] FIGURE 5 is a diagram illustrating the synthesis N^-bis^S-maleimidopropiony^po^ethylene glycol); 

[0022] FIGURE 6 is a diagram illustrating the synthesis of PMLA / L-valine / 2-mercaptoethylamine / 
mPEG5000-NH2 conjugate 

[0023] FIGURE 7 is a diagram illustrating the synthesis of PMLA / mAB OX-26 / morpholino antisense 
oligonucleotide / L-valine / 2-mercaptoethylamine / mPEG5000-NH2 conjugate 

[0024] FIGURE 8 is a diagram illustrating the conjugation of FITC to PMLA / mAB OX-26 / morpholino 
antisense oligonucleotide / L-valine / 2-mercaptoethylamine / mPEG-NH2 conjugate; 

[0025] FIGURE 9 shows a bar graph of the results of a hemolytic assay used in testing the polymers. 

[0026] FIGURE 10a shows the release of morpholino oligos from the carrier by means of reduction with 
glutathione. 

[0027] FIGURE 1 0b shows the percentage of oligo release over time in response to f reduction with glutathione. 

[0028] FIGURE 1 1 shows a Kaplan-Meir survival curve of rats after treatments with Drug 2 compared to Drug 
2 A and/or PBS (mock) as analyzed by a log rank test with significance at p<0.0 1 ; 

[0029] FIGURE 12 is Co-distribution of endosomal marker FM 4-64 with Drug 2 (30 min) in cultured glioma 
U-87MG cells. By confocal microscopy, FM 4-64 is seen in the cytoplasmic endosomes (upper left), and Drug 2 is 
found in the same place (upper right). Both labels co-localize (lower left, yellow color); 

[0030] FIGURE 13 is a chart illustrating that vessel density is increased in tumors compared to normal brain and 
that Drug 2 reduces tumor vessel density by 55%; 
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[003 1] FIGURE 14 shows immunofluorescence staining of U87MG glioma cultures for laminin chains. PMLA 
vehicle-conjugated antisense oligos (Drug 2) inhibit laminin expression (oc4 is red and (31 is green). Nuclei are 
counterstained with DAPI (blue); 

[0032] FIGURE 15 shows immunofluorescence analysis of xenotransplanted tumors using a monoclonal 
5 antibody to human laminin pi chain; laminin pi chain synthesis was inhibited in GBM after Drug 2 
administration; and 

[0033] FIGURE 16 shows western blot analysis of inhibition of laminin-8 chain expression in two glioblastoma 
multiforma (GBM) cell cultures, U87MG and T98G: - no treatment, +, treatment with Drug 2. 

[0034] FIGURE 17 shows that Drug 2 is capable of crossing the BBB where the red color represents the drug 
1 0 visualized within brain vessels and transplanted tumor cells following intravascular administration of the drug. 

Detailed Description of the Invention 

[0035] The following description is provided to enable any person skilled in the art to make and use the invention 
and sets forth the best modes contemplated by the inventor of carrying out his invention. Various modifications, 
however, will remain readily apparent to those skilled in the art, since the general principles of the present invention 
1 5 have been defined herein specifically to provide a novel drug delivery system as exemplified by an antisense anti- 
tumor drug based on poly-L-malic acid. 

[0036] The attractive properties of PMLA as a carrier matrixor molecular transport vehicle for pharmaceuticals 
and biopharmaceuticals are the following: it is non-toxic and non-immunogenic; its hydrophobicity can be 
controlled by introducing hydrophobic side chains or spacers [30]; it is biodegradable [31]; and it is stable in 

20 bloodstream. For targeting antisense oligos to a specific organ or compartment, targeting entities such as tumor- 
specific antibodies that favor receptor-mediated endocytosis can be conjugated to the PMLA polymer. Ideally, the 
system includes a releasing system for releasing the drug from the molecular transport vehicle; possible releasing 
systems include: a) a disulfide bond cleavable by the intracellular glutathione, b) a pH-sensitive hydrazone bond, c) 
a tetrapeptide cleaved by lysosomal cathepsin B, which activity is elevated in various tumors (or other pepidases); 

25 d) an intrinsic release function from endosome [32, 33]; and e) other labile or cleavable bonds such as ester 
linkages. Most importantly, inhibitors of multiple molecular targets can be easily attached to one PMLA molecule. 

[0037] PMLA from the natural source, plasmodia of Physarwn polycephalum [27 and references therein], was 
the starting material for the synthesis of the drug delivery vehicle described in the present patent application. The 
methods of chemical syntheses employed here are from the general fundus of methods in synthetic chemistry, and 
3 0 have been described in other systems, not related to the polymalic acid-based system described here. Most of these 
methods had to be adapted to the present situation, in particular to the properties of educts during the progress of 
the chemical construction of the carrier system, and with regard to the methods of purification of products. To 
achieve a successful derivatization with a predictable and reproducible stoichiometry of the functional moieties 
conjugated to the polymalic acid scaffold, the sequence of the reactions with the scaffold had to be established and 
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organized in such a way, that an uncontrolled reaction was impossible. The validity of products has been achieved 
and the purity controlled by in situ analysis during the stepwise synthesis, including qualitative and quantitative 
chemical assays, high performance liquid chromatography (HPLC), thin layer chromatography (TLC), and 
ultraviolet/visible/DR. light spectroscopic analyses as well as NMR-spectroscopic methods. The membrane 
disruption properties of the fully assembled drug vehicle and also of the intermediates of its synthesis was assessed 
by a routine, empirical hemolytic membrane assay [see 5 1]. 

[003 8] The references of standard synthesis methods underlying the development of the methods used here are in 
particular: 

Activation of PML AH-carboxylic groups as N-hydroxysuccinimide (NHS) esters in analogy to the 
method of [69]. 

Coupling of the (2-pyridyldithio)propionyl group to morpholino (PDP)-morpholino) antisense 
oligonucleotides in analogy to the method described in [5 1 and references therein], 

FITC (fluorescein isothiocyanate)-conjugation in analogy to the method for the formation of N- 
(fluorescein-5 '-thiocarbamyl)diaminohexane of [7 1] . 

Synthesis of N,N r -bis-(3-maleimidopropionyl)poly(ethylene glycol) in analogy to the method of [70]. 

Introduction of thiol groups into antibodies in analogy to the techniques described of [72, 5 1 and 
references therein]. 

Reaction of mAB OX-26 -sulfhydryl withN,N'-bis-(3»maleimidopropionyl)-PEG diamide conjugate 
were performed in analogy to the reactions carried out in [52, and 69] . 

Synthesis of PML A / L-valine / 2-mercaptoethylamine / mPEG-NH2 conjugate by amide formation 
from the NHS-activated carboxylate was carried out principally as described herein. 

Synthesis of PML A / mAB OX-26 / morpholino antisense oligonucleotide / L-valine / 2- 
mercaptoethylamine / mPEG-NH2 conjugate by reaction of sulfhydryl group with maleimide; 

Conjugation of FITC-spacer to PMLA / mAB OX-26 / morpholino antisense oligonucleotide / L- 
valine / 2-mercaptoethylamine / mPEG-NH2 conjugate, represented in principal an amide formation 
by nucleophilic attack of the NHS-activated carboxylate as described herein. 

[0039] Existing drug delivery systems suffer from one or several of the following problems: 

They are not multifunctional, i.e. they are limited with regard to variability in the kind and amount of 
tissue targeting groups per carrier molecule; 

They are limited by the kind and number of conjugated drugs (pro-drugs) per carrier molecule; 
They are limited by solubility in physiological fluids; 

They are limited by insufficient stability against degradation in the circulation system; 
They are not biodegradable; 

They involve viral nucleic acids or other viral fragments; 
They are not specific for tumor tissue and they damage healthy host tissue 
They are toxic; 

The synthesis of the drug delivery system suffers from uncontrollable side reactions; 

The synthesis of the drug delivery system suffers from solubility or other problems that render 
purification of reaction products difficult or impossible; 

The synthesis of the drug delivery system does not result in reproducible products; 
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• The synthesis of structural variations / extension to contain new components, thus enhancing specificity 
or sharpening the antitumor activity of the drug delivery system is not possible; and 

• The synthesis of the drug delivery system cannot be readily scaled up. 

[0040] The controlled conjugation of each reactive functional module with the NHS (N-hydroxysuccinimide)- 
5 activated carboxylic groups of the polymalic acid scaffold allows one to conjugate a variation of different kinds of 
reactive functional modules, thus introducing a variety of different targeting molecules, drug (pro-drug) molecules, 
etc. The various modules can be conjugated to one and the same scaffold molecule or to different ones allowing a 
binary or ternary, etc. drug mixture. Multiple functional modules on one and the same scaffold molecule can 
display biologically synergistic effects when simultaneously being introduced into the cell. 

10 [0041] Biodegradability can be achieved by employing biodegradable polymalic acid as scaffold and other 
biodegradable building units (amino acids, proteins). 

DESCRIPTION OF THE INVENTION BY A SPECIFIC EXAMPLE 

Synthesis of a polymalic acid based multifunctional carrier system for the tumor targeted delivery of 
morpholino antisense oligonucleotides 

1 5 [0042] Fig. 1 a shows the overall structure of a typical drug molecule of the present invention. For the synthesis of 
Block (z + w), the carboxyl groups of polymalic acid (block w) are activated as NHS-esters and conjugated to L- 
valine via amide bond. Block y3 is the pro-drug morpholino antisense oligos containing a disulfide ding releasing 
unit.. Block yl is the monoclonal antibody (OX26) targeting molecule conjugated to the block z +w via 
polyethylene glycol (PEG) spacer. Block x is the PEG-protector against degradation, attached by an amide bond 

20 and formed from commercially available PEG-amine. Block y2 represents remaining sulfhydiyl anchor groups, 
which have not been consumed by the synthesis at this point, and which can be used for the conjugation of 
additional functional modules via reaction with the double bond of substituted N-ethylmaleimides or simply 
blocked by reaction with unsubstituted N-ethylamaleimide. Block n, the fluorescent reporter group, is prepared 
from fluorescein isothiocyanate (FITC) and N 1 -Boc- 1 ,6-diaminohexane. The drug structure is built by a stepwise 

25 coupling of the blocks (i.e., the modules) onto the growing conjugate as shown in Figure lb under a careful 
stoichiometric control. The order of the steps can be readily adjusted to fit different scenarios. Conjugations are 
carried out with carbodiimide reagents in organic solvent, preferably dimethylformamide. Side reactions are 
prevented by appropriate protection of side chains following standard methods. 

[0043] For Block w highly purified polymalic acid is obtained from cultures of Physarum polycephatum [24, 
30 25]. The biopolymer is spontaneously and enzymatically degraded to L-malic acid [31, 26], which is metabolized 
to carbon dioxide and water. The sodium salt is neither toxic nor immunogenic in mice and rabbit respectively [27 
and references therein]. After intravenous injection into mice, polymalate was rapidly cleared by excretion via the 
kidneys [73]. Certain polymalate derivatives and block polymers actually showed positive effects on bone repair 
and muscle regeneration in rats [30] or were found biocompatible in other investigations [32]. Polymalic acid is an 
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excellent candidate for the design of a drug carrier device, because of its high abundance of modifiable carboxyl 
groups. These can be easily conjugated to a variety of different biologically active molecules in a perfectly 
controllable fashion regarding their stoichiometry and integrity. Block z is based on polymers that contain 
lipophilic groups like L-valine or L-leucine and become increasingly lipohilic when protonated when ambient pH 
5 fells below pH 6 during maturation of endosomes to lysosomes. This increasing lipophilicity results in leakiness of 
the endosomal membranes and causes release of the macromolecular content into the cytoplasm [33, 74, 75]. 
Block y3 contains a disulfide bond, which is stable in blood circulation including brain microvessels but is cleaved 
in the reductive environment of the cells [38]. Block y 1 contains a polyethylene glycol spacer that allows the tissue 
targeting moiety to bind to the receptor on the target cell surface. It also protects against degradation of the targeting 

1 0 polypeptide. (y3) The morpholino oligonucleotides, which specifically block the expression of tumor essential 
genes, such as the a1 -chain of laminin are used. In principle, any other drug or pro-drug can be conjugated here, as 
well as an array of different drugs on a single carrier molecule. These conjugates are cleaved from the carrier at the 
drug releasing unit within the cytoplasm, and the drug(s) become effective. Block y 1 helps breach the BBB which 
is targeted by a monoclonal antibody against the transferrin receptor on the endothelial cells of the BBB [55]. 

1 5 Bradykinin alone or conjugated together with other molecules, might also be a targeting molecule to be used for 
the brain tumors by virtue of specific receptors [77, 18, and 78]. A further possibility for the brain tumor specific 
targeting is to use a monoclonal antibody against the human EGF receptor [37, 79]. Bradykinin B 2 receptors and 
EGFR are overexpressed on tumor cells and can also be used as brain tumor targeting sites in combination with 
transferrin receptor. Block n adds an arbitrary fluorescent label, here fluorescein, which is conjugated to the drug 

20 structure to facilitate homing studies of the carrier in the endosomes of recipient tumor cells. 

Materials and Methods 

[0044] Poly ((3-L-malic acid) (PMLA) was purified from the broth of cultured Physarum polycephahon 
Plasmodia using methods developed from [25], The polymer in salt form was size-fractionated on Sephadex G25 
columns. The fraction with a number-averaged molecular mass of 50 kDa (polydispersity 1.2) was converted to 

25 the free polymer acid (PMLA-H) by passage over Amberlite IR-120 (tf form) and stored freeze-dried before used 
in carrier synthesis. ^-NMR in D 2 0 gave the following 5-values: 3.3 ppm (doublet, the methylene protons of the 
polyester backbone), 5.3 ppm (triplet, the methine protons of the polyester backbone). Proton-broad-band- 
decoupled 13 C-NMR gave the following 5-values: 178.4 ppm (-COOH), 74.5 ppm (-CHOH-), 38.9 ppm (-CH2-), 
and 174.5 ppm (-CO-). Purified PMLA-H shows UV-light absorbance only below 220 nm wavelength, and is 

30 devoid of absorbance at 260 and 280 typical for nucleic acids and proteins, respectively (further details are 
reviewed in [27]). Morpholino™- 3 r -NH 2 antisense oligonucleotides [6] to the a- 4 chain of laminin-8 (AGC- 
TCA-AAG-CCA-TTT-CTC-CGC-TGA-C) and to the (3-1 chain of laminin-8 (CTA-GCA-ACT-GGA-GAA- 
GCC-CCA-TGC-C) [50, 34] were purchased from Gene Tools (USA). Mouse monoclonal antibody against rat 
transferrin receptor CD71 (clone OX-26, isotype IgG^a) at a concentration of 1 mg/ml PBS containing 10 mM 

3 5 sodium azide was obtained from Chemicon Europe (UK). Mouse IgG^K (UPC 10) was purchased from Sigma 
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(Gertnany). Chromatographically pure mPEG-amine (MW 5000) and amine-PEG-amine (MW 3400) were 
obtained from Nektar Therapeutics (USA). Reagents and solvents obtained from Merck (Germany), Sigma 
(Germany), Pierce (USA) were of the highest available purity. Dichloromethane (DCM) and N 5 N- 
dimethylformamide (DMF) were dried over molecular sieves (0.4 nni). 

5 [0045] ^-NMR spectra were recorded on a Bruker Model DMX-500 Fourier transform spectrometer and 
chemical shifts are given in ppm (5) relative to TMS as internal standard. 13 C NMR spectra were recorded on the 
same spectrometer operated at 125.8 MHz. Chromatographic separations were performed with a Merck-Hitachi 
analytical LaChrom D-7000 HPLC-system equipped with UV and fluorescence detectors. Either Macherey & 
Nagel QrNucleosil reversed-phase (RP) columns (250 x 4 mm) with a binary gradient of 0.1% TFA 

1 0 (trifluoroacetic acid) in water - 0.07% TFA in acetonitrile at a flow rate of 1 .5 rnl/min or size exclusion columns 
Bio-Sil SEC 250-5 (5|im, 300 x 7.8 mm) with 50 mM sodium phosphate buffer pH 7.4 at a flow rate of 0.75 
ml/min were used. Molecular mass of the polymer Na or K-salt was determined by SEC-HPLC with polystylene 
sulfonate standards of defined molecular weight (Machery-Nagel). Thin layer chromatography (TLC) was 
performed on Merck precoated silica gel 60 F254 aluminum sheets. The eluent contained a mixture of n-butanol, 

1 5 water, and acetic acid (4:2: 1 on a volume ratio basis). 

Syntheses 

Synthesis ofPMLA-NHS ester 

[0046] 1.16 g of PMLA-H (10 mmol regarding the malic acid monomer) was dissolved in 30 ml of anhydrous 
dimethylformamide (DMF). N-hydroxysuccinimde (NHS) (15 mmol), dissolved in 10 m of anhydrous 

20 dimethylformamide (DMF), was added to the PMLA-H solution. The temperature was lowered to 0°C in an ice 
bath, then dicyclohexylcarbcdiimide (DCC) (15 mmol) dissolved in 10 ml of DMF was added. The reaction 
mixture was held under reduced pressure at room temperature until no gas bubbles developed. After 30 min at 0°C, 
the reaction mixture was stirred at room temperature for 48 h. The reaction mixture was held as described above 
under reduced pressure followed by incubation every 2 h during the first day of reaction, then every 6 h during the 

25 second day of reaction. After two days of reaction, dicyclohexylurea was removed by filtration, and the reaction 
volume was reduced by evaporation under reduced pressure. Fresh anhydrous DMF (10 ml) was added and 
residual dicyclohexylurea was again removed by filtration. The clear reaction mixture was stirred for 12 h at room 
temperature and last amounts of dicyclohexylurea (if any) were removed by filtration. The volume was reduced to 
1-3 ml by evaporation under reduced pressure, and the product was precipitated by the addition of ethyl acetate. 

3 0 The pale yellow product (PI) was collected by filtration. Diethylether was added to the filtrate to match the final 
proportion of 1 : 1 (ethyl acetate : diethylether), and more of a light brown product was collected by filtration (P2). 
Then n-hexane was added to the filtrate to match the final proportion of 1 : 1 : 1 (ethyl acetate: diethylether:n»hexane) 
and additional brown product was collected by filtration (P3). Hie precipitates were dispersed in the same solvents 
used for their precipitation and left overnight in the cold (-20°C). The products were filtered and washed repeatedly 

3 5 with the same cold solvents. The products were further purified by passage through Sephadex LH 20 using DMF 
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as eluent allowing the flow by gravity. The product containing fractions were collected and the solvents evaporated 
under reduced pressure. Finally, the products were dispersed in diethylether, collected by filtration, dried in vacuo, 
and stored at -20°C. 

[0047] The purity / composition of these preparations of PMLA-NHS ester was analyzed by l U NMR and UV- 
5 VIS spectroscopy. The content of NHS groups was determined after aminolysis of NHS ester groups with n- 
butylamine. 10 mg of PMLA-NHS ester were dissolved in 0.5 ml of DMF. A portion of 0.5 ml of 10% n- 
butylamine was added to this solution, and the reaction mixture was incubated at room temperature for 30 min. 
After centrifiigation, samples of 20 fxL were mixed with 80 juL of water and analyzed by RP-HPLC employing 
water / 0.1% (v/v) TFA as eluent. NHS groups were monitored by their absorbance at 260 nm. Their content was 

1 0 calculated by comparing the absorbance with that of standards of known amounts of N-hydroxysuccinimide. The 
molar ratio of malic acid residues and NHS-groups in the PMLA-NHS ester sample was calculated by combining 
these results with the amounts of malyl residues measured by ! H-NMR. Typically, the ratios were 35, 59, and 85% 
for PI, P2, and P3, respectively. l HNMRin (CDa^SO gave the following 5-values: 2.8 ppm (singulet, 4H, N-CO- 
CH2-), 3.35 ppm (doublet, the methylene protons of the polyester backbone), 5.85 ppm (triplet, the methine 

1 5 protons of the polyester backbone). The reaction is shown in Fig. 2. 

Synthesis of (2-pvridvlditMo > >propionvl-morpholino (PDP-morpholino) antisense oligonucleotides 
[0048] Morpholino-3(-NH 2 antisense oligomer (1 |timol) was dissolved in a mixture of 900 \iL of DMF and 1 00 
\xL of deionized water. To this mixture, 20 ]iL of a 100 mM solution of N-succinimidyl 3-(2- 
pyridyldithio)propionate (SPDP) in DMF was added and left for 2 h at room temperature. The solvent was 
20 removed by rotary evaporation under reduced pressure at room temperature. The residue was dissolved in 1 ml of 
buffer A (0. 1 M sodium phosphate, 0. 1 5 M NaCl, pH 7.2) containing 1 0 mM EDTA and purified over a Sephadex 
G-25 microspin column pre-equilibrated with buffer A. The concentration of PDP-morpholino antisense 
oligonucleotide was adjusted to 1 mM and stored at -20°C. 

[0049] The purity of the product was confirmed by TLC and UV-spectroscopy by showing the absence of NHS 
25 and SPDP. The content of PDP groups was determined by measuring the concentration of 2-thiopyridone after 
disulfide reduction as follows: PDP-morpholino antisense oligonicleotide was incubated with 0.2 M dithiothreitol 
(DTT) in 0.1 M Tris buffer pH 9.0 for 30 min at room temperature. The reaction mixture was subjected to RP- 
HPLC by first washing for 10 min with distilled water and then eluting in 30 min with a gradient of 0 - 60% 
acetonitrile. The reaction product 2-thiopyridone was detected using UV absorption at 341 nm. The concentration 
30 of 2-thiopyridone was measured by using the absorbance of known amounts of reduced 2-aldrithiol (DPDS) as 
standards. The yield of PDP-morpholino antisense nucleotide was routinely higher than 80% of the starting 
amount of morpholino-3 '-NH 2 oligonucleotide. This reaction is shown in Fig. 3. 
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S vnthesis of N-f fluorescein-5 '-tMocarbamoyl)diaminohexane 

[0050] Fluorescein isothiocyanate isomer I (90 mg) (FITC, minimum 98%, 0.23 mmol) was dissolved in 3 ml 
DMF 5 and 76 mg of N r Boc- 1 ,6-diaminohexane hydrochloride (0.3 mmol) were added. The coupling reaction was 
started by dropwise addition of 0.6 mmol of triethylamine. The reaction mixture was incubated for 2 h at room 
5 temperature, and the volume was reduced by evaporation under reduced pressure (final volume approximately 0.5 
ml). Cold water (5 ml) was added to the remaining mixture and acidified with 1 N HC1. The precipitate was 
collected by centrifugation, washed three times with cold water followed by centrifugation, until no trace of Nr 
Boc~ 1 ,6-diaminohexane could be detected in the. supernatant as determined by TLC and ninhydrin test. The final 
product was dried over P2O5. This synthesis is illustrated in Fig. 4. 

1 0 [005 1] To remove the Boc protecting group, the dried product was dissolved in 3 ml of dichloromethane (DCM), 
and the temperature was lowered with an ice bath. Two ml TFA were added to the solution which was then stirred 
for 30 min on ice. The reaction was followed by TLC. Fluorescent spots were visible under UV light. The solvent 
was evaporated under reduced pressure, and the waxy product was dissolved in acetone and precipitated by the 
addition of diethylether. For purification, the product was dissolved in 3 ml of DCM / ethanol (3:2, v/v) containing 

15 4 ml of acetic acid in 100 ml mixture and passed through a 2 cm x 12 cm Si0 2 column equilibrated with the same 
solvent The product was pure by TLC. The Rf - values were 0.95 for FITC, 0.98 for N r (fluorescein-5 
thiocarbamoyiy- N 6 -BOC- 1 ,6-diaminohexane, and 0.64 for N-(fluorescein-5 '4hiocarbamoyl)diaminohexane. 

Synthesis of N,N r -bis-(3-maleimidopropionvl)polvfethvlene glycol) 

[0052] 0.5 g of NH2-PEG3400-NH 2 (0.147 mmol) dissolved in 3 mL of anhydrous DMF was added dropwise 
20 to (3-maleimidopropionic acid NHS ester) (106 mg, 0.4 mmol) dissolved in 5 ml of anhydrous DMF with 
vigorous stirring at room temperature. The completeness of the reaction was confirmed by TLC and a negative 
ninhydrin test After incubation for 2 h at room temperature, the solvent was removed by rotary evaporation at 
room temperature under reduced pressure. The product was dissolved in 2 ml of buffer A (0.1 M sodium 
phosphate, 0.15 MNaCl, pH 7.2) containing 10 mM EDTA. Insoluble impurities were removed by centrifiigation. 
25 The clear supernatant was passed over a Sephadex G-25 column pre-equilibrated with buffer A. The product was 
pure by TLC and ninhydrin test. The aqueous solution of the product was stored at -20°C. 

[0053] 'H-NMR spectra of the product dissolved in (CDa^SO indicated the following 5-values: 7.05 singlet 4H - 
HC=CH-, 3.74 triplet 2H N-CH2, 3.5 singlet hydrogens from PEG, 3.03 triplet 2H CH 2 -CONH. The values were 
consistent with the product being the expected N,N'-bis-(3-maleimidopropionyl) poly(ethylene glycol) diamide. 
3 0 The content of maleimido groups was measured indirectly by a method relying on the reaction of -HC=CH- with 
the sulfhydryl of given amounts of 2-mercaptoethylamine (2-MEA) and the titration of unreacted sulfhydryl with 
5, 5 '-ditiiiobis-2-nitrobenzoate (DTNB, Ellman's reagent) as follows. An appropriate amount of 2-MEA in water 
was added to the aqueous solution of N,lST-bis-(3-maleirnidopropionyl)poly(ethylene glycol) diamide and 
incubated for 30 min at room temperature. DTNB (25 jliL solution of 10 mg/mL in ethanol) was added and the 
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absorbance at 412 nm read after 10 min incubation at room temperature. The absorbance was standardized with 
known amounts of 2-MEA, and the amount of unreacted sulhydiyl groups calculated. The content of maleimide 
groups in the sample of N, N r -bis^3-maleimidopropionyl)poly(ethylene glycol) diamide was calculated by 
subtraction of the amount of unreacted 2-MEA from the initial amount of 2-MEA. From this value, the yield of the 
5 synthesis of N,N r -bis-(3-maleimidopropionyl>poly(ethylene glycol) diamide was calculated to be 65%. This 
synthesis is shown in Fig. 5. 

Introduction of thiol groups into antibodies: reduction of intrinsic disulfide bonds with 2- 
mercaptoetfaylamine (2-MEA) 

[0054] Mouse monoclonal antibody (mAB) against rat transferrin receptor CD71 (clone OX-26, isotype IgG^) 

10 was commercially obtained at a concentration of 1 mg/ml PBS containing 10 mM sodium azide. Mouse 
monoclonal antibody IgG^K (UPC 10, Sigma) in place of mAB OX-26 was used to generate a control conjugate 
and also a standard curve for protein measurements. The mAB OX26 solution was concentrated using a 
microcentrifuge membrane filter (Sigma Ultrafree-CL microcentrifuge filters, regenerated cellulose, cut-off 30 
kDa) at 4°C and 5000 x g. The mAB storage buffer was changed to buffer A (0.1 M sodium phosphate, 0. 15 M 

1 5 NaCl, pH 7.2) containing 10 mM EDTA. The concentration of the mAB was adjusted to 3-5 mg/ml. Mouse mAB 
UPC 10 was dissolved in buffer A to give the same concentration as mAB OX 26. Solid 2-mercaptoethylamine 
hydrochloride (2-MEA) (6 mg/ml) was stirred into the antibody solutions and the mixture incubated for 90 min at 
37°C. The disulfide-reduced antibodies were purified by diafiltration with buffer A (degassed under N 2 ) using 
microcentrifuge membrane filters (regenerated cellulose, cut off: 30 kDa) at 4°C and 5000 x g. The step was 

20 perfonned until the diafiltrate was completely free of 2-MEA as measured spectrophotometrically at 412 nm after 
incubation with 5, 5 r -dithiobis(2-nitrobenzoic acid) (DTNB, Ellman's reagent). The number of thiol groups in the 
disulfide-reduced antibody solutions was calculated by reading the absorbance at 412 nm (e = 14.15 xlO 3 M" 1 cm" 1 
at 25°C) after 10 min incubation of 0.5 ml antibody solution with 25 jul of DTNB solution (10 mg/ml in ethanol) at 
pH 8.0. The antibody protein concentration was measured according to method of [65]. The results indicated that 

25 the disulfide-reduced antibodies contained 3.1-3.5 thiol groups per molecule of IgG-molecule. SEC-HPLC 
analysis showed only one peak of MW 150 kDa indicating that the reduced antibody had maintained its molecular 
integrity. The preparations were rather stable in the presence of EDTA even in the absence of reducing agent, and 
no significant losses in free thiol groups were observed overnight at 4°C. 

Synthesis of mAB OX-26 / A^A^-bis-(3-maleimidopropionylVPEG diamide conjugate 
30 [0055] Immediately after preparation, the solution of reduced antibody was added dropwise to the stirred 
aqueous solution of A^iV-bis-(3-maleiniidopropionyl>PEG diamide (in 50-fold molar excess of maleimide groups 
over the thiol groups of the antibody) at room temperature. The reaction mixture was incubated for 2 h at room 
temperature, and the unreacted A^7*/-bis-(3-maleimidopropionyl)-PEG diamide was removed by dialysis in buffer 
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A (50 kD membrane, overnight with three times buffer change). The preparation of antibody-i\^A^-bis-(3- 
maleimidopropionyl)-PEG diamide conjugate was used immediately for further synthetic reactions. 

[0056] The completeness of the conjugation reaction was indicated by the results of SEC-HPLC. When 
measuring absorbance at 220 nm wavelength, the only material eluted was in the position of 7.20-7.26 min which 
5 represented the conjugate, while none eluted in the position of 13.4-13.7 min for the unreacted N,N r -bis~(3- 
maleimidopropionyl>PEG diamide. The content of maleimide groups in the antibody conjugate was determined 
indirectly using 2-MEA and Ellman's reagent as described above for the synthesis of N,N'-bis-(3- 
maleimidopropionyl>PEG diamide. The antibody protein concentration was determined according to method of 
[65]. The results indicated 3.0 maleimido groups per antibody molecule and were in agreement with the 
1 0 assumption that the free thiol groups of the disulfide-reduced antibodies preparations had fully reacted with A^TV- 
bis-<3-maleimidopropionyl>PEG diamide. Moreover, because SEC-HPLC analysis showed only one peak of 
MW 1 50 kDa, products of crosslinking could be excluded. 

Synthesis of PMLA / L-valine / 2-mercaptoethylamine / mPEGsnnn-NH? conjugate 

[0057] For the synthesis of PMLA / L-valine / 2-mercaptoethylamine / mPEG-NH 2 conjugate, 1 mmol (with 

1 5 regard to malyl units) of PMLA-NHS ester (preparation P3 : 85% NHS ester) was dissolved in 10 ml of anhydrous 
DMF. First, mPEG5000-NH2 (50 jimol in 2 mL DMF, corresponding to 5 mol-% of the NHS activated malyl 
units) and 200 \xmol of N-ethylmorpholine were added in this sequence and the mixture stirred at room 
temperature for 30 min until the reaction was completed according to TLC with the ninhydrin test (negative versus 
positive ninhydrin reaction at origin). Next, 200 jamol of a 50 mM solution of 2-MEA in DMF (corresponding to 

20 20 mol-% of NHS-activated malyl groups) and 200 jimol of N-ethylmorpholine were added to the reaction 
mixture with stirring for 30 min at room temperature. Again, the reaction was complete according to TLC (Rf = 
0.27 for 2-MEA and Rf = 0 for the polymer conjugate) with the ninhydrin reaction. The synthesis is shown in Fig. 
6. 

[0058] According to the stoichiometry of the added reagents, 4.5% and 19.3% of the PMLA-NHS ester 
25 equivalents had been replaced by PEG and 2-MEA, respectively. Hie remaining unreacted NHS esters equivalents 
were allowed to conjugate to L-valine (1 mmol in 5 ml water), added dropwise in the presence of 0. 1 g of NaHC0 3 
(1 .2 mmol). The reaction mixture was stirred for 1 h at room temperature and neutralized under cooling with 0.1 M 
HC1. The solvent was evaporated at 30 °C under reduced pressure. The dried product was dissolved in 10 ml of 
buffer A (0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2) containing 10 mM EDTA and 1 ml of 0.5 M DTT. 
3 0 After 10 min at room temperature, the mixture was centrifiiged at 20 000 x g for 5 min and the clear supernatant 
passed over a Sephadex G25 column (2.5 cm x 60 cm) pre-equilibrated with buffer A, and the product containing 
fractions lyophilized. 

[0059] The composition of the PMLA / L-valine / 2-mercaptoethylamine / mPEG-NH 2 conjugate was analyzed 
by ! H NMR and UV-VIS spectroscopy. The content of thiol groups was measured by the addition of 25 jliI of 
35 DTNB solution (10 rng/ml in ethanol) to 1 mg of lyophilized conjugate dissolved in 1 ml of sodium phosphate 
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buffer (pH 8.0, 100 mM) and reading the absorbance at 412 nm wavelength after 30 niin incubation at room 
temperature. In case of the preparation of PMLA / L-valine / 2-mercaptoethylamine / mPEG-NH2 / FITC 
conjugate (see below), the reaction mixture was also diafiltrated with a microcentrifuge membrane filter 
(regenerated cellulose, cut off 5 kDa) at 5000 x g before reading the 412 nm absorbance. The Ellman method for 
5 assaying thiols is based on the reaction of thiols with the chromogenic DTNB (5,5 '-dithiobis-2-nitrobenzoate, FW 
396.4) whereby formation of the yellow 5-thio-2-mtrobenzoic acid (TNB) is measured. 




[0060] The reason for filtration in case of FITC-conjugate is to separate TNB from FTTC-conjugate because the 
presence of fluorescence makes the detection of TNB impossible. During the filtration TNB passes the membrane, 
1 0 FITC-conjugates are retained, and the absorbance of the filtrate is measured (The filtration is not for removal of 
free dye. The free dye is already removed before this reaction). 

[0061] The sulfhydiyl content was calculated with regard to 2-MEA standards. The content of L-valyl moieties 
was determined by quantifying the free amino groups after total hydrolysis using the trinitrobenzenesulfonic acid 
(TNBS) assay and RP-HPLC as follows: 1 mg of the conjugate and 30-50 uLof6N HC1 were placed in a 100 jliL 

15 capillary tube. The sealed capillary was incubated in an oven at 100°C for 12 to 16 hrs. After hydrolysis the 
contents were transferred into an Eppendorf tube (rinsing the capillary tube with water to be quantitative) and 
evaporated to complete dryness by gentle warming. This material was redissolved in water and centrifiiged. A 10- 
30 ul aliquot of the supernatant was added to 300 jllI of sodium bicarbonate buffer (0.4 g NaHC0 3 in 10 ml water, 
pH 8.5). After addition of 150 uL of 0.1% (w/v) TNBS aqueous solution, the mixture was incubated for 30 min at 

20 37°C. After centrifugation, 20 jllL of the reaction mixture were separated by RP-HPLC using a linear gradient of 
30 min (0 -10 min, 100% water, 10 - 40 min from 0 - 60% acetonitrile). The content of valyl moieties was 
calculated on the basis of the 340 nm absorbance in the eluent with regard to known amounts of L-valine as 
standards. The molar ratio of mPEG : valine : 2-MEA of the conjugate was determined by *H NMR. 

Synthesis of PMLA / mAB OX-26 / morpholino antisense oligonucleotide / L-valine / 2- 
25 mercaptoethylamine / mPEG-NH? conjugate 

[0062] Freshly prepared mAB OX-26-PEG-maleimide was added dropwise to PMLA / L-valine / 2- 
mercaptoethylamine / mPEG-NH 2 conjugate at 4°C with stirring. A 100 molar excess of free thiol groups 
(conjugate) over maleimido groups was applied, allowing all antibodies to become conjugated with the polymer. 
After 30 min of incubation, the reaction was complete. The completeness of the reaction was confirmed by SEC- 
30 HPLC. The PMLA / mAB OX-26 / L-valine / 2-mercaptoethylamine / mPEG-NH 2 conjugate was purified by 
diafiltration in buffer A using microcentrifuge membrane filters (regenerated cellulose, MW cut off of 100 kDa) at 
4°C and 5000 x g. The mAb-containing PMLA conjugate was retained by the filter and only protein-free PMLA / 
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L-valine / 2-mercaptoethylamine / mPEG-NH 2 conjugate passed through the filter. The diafiltration was repeated 
until no trace of the protein-free polymer conjugate was detected in the diafiltrate as confirmed with SEC-HPLC. 

[0063] The protein content of the PMLA / mAB OX-26 / L-valine / 2-mercaptoethylamine / mPEG-NH 2 
conjugate was measured by the method of [66]. The same amount of unconjugated mAb showed an 
5 approximately 10% higher absorbance, and thus, the measured protein content was corrected by factor of 0.9. (This 
factor was empirically derived from the fact that, although no antibody was found to leak through the diafiltration, 
the retained (conjugated) antibody amounted to only 90% of the educt antibody.) The reason for this discrepancy is 
not known. The concentration of the remaining free thiol groups of the protein-containing conjugate was 
determined as described above. It was found that approximately 70% of the initial thiol groups were still present. 
1 0 The concentration of the protein-containing conjugate was adjusted to 3 mM with regard to thiol groups. 

[0064] hi the next step, 5 (imol of PDP-morpholino antisense oligonucleotides for a4 and pi chains of laminin 8 
(5 ml of the 1 mM solution of PDP-morpholino antisense oligonucleotides) was added dropwise with stirring to 
the purified solution of the PMLA / mAB OX-26 / L-valine / 2-mercaptoethylamine / mPEG-NH2 conjugate 
equaling a concentration of 15 \xmol of free thiol groups (5 ml of 3 mM solution of the protein-containing 

15 conjugate). The molar ratio of antisense <x4 chain to the antisense pi chain was 1:1. The reaction mixture was 
incubated overnight at 4 °C . The completeness of the reaction was confirmed by SEC-HPLC indicating a single 
peak in the eluent with 260 nm absorbance and the absence of absorbance in the positions of free PDP-morpholino 
antisense oligonucleotides. The obtained PMLA / mAB OX-26 / morpholino antisense oligonucleotide / L-valine / 
2-mercaptoethylamine / mPEG-NH 2 conjugate was purified by diafiltration using microcentrifuge membrane filter 

20 (regenerated cellulose, cut off: 100 kDa) at 4°C and 5000 x g centrifugation. The content of the free sulfhydryl 
groups at this stage was determined with Ellman's reagent at 412 nm. The content of antisense morpholino 
oligonucleotides was measured by absorbance at 260 nm after reduction of the disulfide groups with 50 mM DTT 
for 2 h at 37°C and separation by SEC-HPLC. Specifically, the 260 nm light absorbing peaks were compared with 
those obtained for reduced PDP-morpholino antisense oligonucleotides as standards. 

25 [0065] The protein content of the PMLA / mAB OX-26 / morpholino antisense oligonucleotide / L-valine / 2- 
mercaptoethylamine / mPEG-NH2 conjugate was measured by the method of [65]. The molar ratio of antibody : 
morpholino antisense oligonucleotide varied from 1 :20 to 1:26 resulting ayl-value of 0.19%-0.25% (see Fig. 7 for 
overall synthesis.). Free sulfhydryl groups were blocked with N-ethylmaleimide, and unreacted reagent was 
removed by diafiltration as above. 

30 Conjugation of FITC to PMLA / mAB OX-26 / morpholino antisense oligonucleotide / L-valine / 2- 
mercaptoethvlamine / mPEG-NH2 conjugate 

[0066] For detection under biological conditions, PMLA / mAB OX-26 / morpholino antisense oligonucleotide / 
L-valine / 2-mercaptoethylamine / mPEG-NH2 conjugate was covalently labeled with fluorecein isothiocyanate 
(FITC). This label was, however, introduced after conjugation of mPEG-NH 2 to PMLA-NHS esters indicated 



WO 2005/055980 



PCT/US2004/040660 



-17- 

above. The solution of N-(fluorescein-5'-thiocarbamoyl) diamino-hexane was prepared in a mixture of DMF and 
PBS (1:1) to a final concentration of 25 mM. To the solution of mPEG-NH 2 /PMLA conjugate (1 mmol with 
regard to malyl units of PMLA-NHS ester, preparation P3: 85% NHS ester) 25 jomol of N-(fluorescein-5'- 
thiocarbamoyl) diamino-hexane (n = 2.5% in Fig. 7) and 100 \xmol of N-ethylmorpholine were added, and the 
5 mixture was incubated at room temperature for 30 min. The reaction was followed by TLC. After completion of 
the reaction, fluorescence was detected only at the origin. The construction of the FITC to PMLA / mAB OX-26 / 
morpholino antisense oligonucleotide / L-valine / 2-mercaptoethylamine / mPEG-NH 2 conjugate then followed the 
same route as described above in the absence of the dye. The content of FITC in the conjugates was measured by 
absorption of the FITC-moiety at 490 nm. FITC-canying conjugates were also detected by a Merck-Hitach 
1 0 fluorescence detector with the excitation wavelength set to 447 nm and the emission wavelength set to 514 nm. 
The content of FITC was calculated by comparing the absorbance or fluorescence of samples with that of standard 
samples generated by quantitative conjugation of varying amount of FITC to carrier polymer as described above. 
The conjugate was used directly for cell culture experiments. This synthesis is shown in Fig. 8. 

[0067] Hemolysis Assay. Fig. 9 shows the membrane disruptive activity of the polymers as measured using a 

1 5 red blood cell (BBC) hemolysis assay. The fresh human RBCs were isolated by centrifugation of whole human 
blood at 2000 g for 5 min. The RBCs were washed three times with cold 100 mM sodium phosphate buffer of the 
desired pH ( pH 5.85 or pH 5.5). The final pellet was resuspended in the same buffer to give a solution with 10 8 
RBCs per 1 ml. The polymers were dissolved in 100 mM dibasic sodium phosphate buffer at the desired pH at a 
concentration of 10 mg/ml. The polymer concentration was 2.5 nmol/10 8 RBCs. Hemolysis in distilled water was 

20 used to produce 100% lysis. RBCs in buffer with no polymer was used as reference controls. The hemolysis assay 
was performed by adding the polymer solution to the suspended RBCs in 1 ml of the appropriate buffer. The 
RBCs were mixed by inverting the tube several times, and incubated for 1 h in a 37°C water bath. After incubation, 
the RBCs were centrifuged for 10 min at 13,500 x g to sediment intact cells and the lysis was determined by 
measuring the absorbance of the supernatants at 541 nm which reflects the amount of hemoglobin released by the 

25 RBCs. The relative increase 100(A-A o )/A to iai in absorbance at 541 nm wavelength of the cell-free supernatant was 
measured as an indicator of membrane rupture. Hie results show that PMLA-PEG- Valine, PMLA-PEG-Valine- 
AS, and PMLA-PEG-Valine-AS-mAB infer membrane destabilization in contrast to PMLA-PEG which stabilizes 
RBC membranes. Comparison shows that destabilization is due to the presence of PMLA-conjugated valine. At 
decreasing pH (simulating maturation of endosomes to become lysosomes), the carboxyl groups of valine become 

3 0 protonated, and destabilization increases due to an increased lipophilicity of the charge-neutralized valine moieties. 

[0068] Release of the Morpholino Oligos . Figs. 10a and 10b shows the release of morpholino antisense 
oligonucleotides from the drug carrier due to the cleavage of the disulfide bond by glutathion (glutathion-SH). The 
cleavage of the disulfide bond is a two-step reaction. In the first step, one equivalent of glutathion-SH reacts with 
the disulfide forming a mixed disulfide antisense oligonucleotide -S-S-glutathion (striped columns) (Fig. 10a) and 
3 5 one equivalent of free antisense oligonucleotide-SH (solid columns). Over time the mixed disulfide decreases and 



WO 2005/055980 



PCT/US2004/040660 



-18- 

fhe free antisense increases. This reaction is rapid as is seen in Fig. 10b. In the second step, the mixed disulfide 
reacts with a second equivalent of glutathion to yield the disulfide glutathion-S-S-glutatliion and free antisense 
oligonucleotide-SH. This second reaction is slow. The two-step mechanism and the relative rates of the reactions 
are typical for this so called disulfide exchange reaction. The results show that the oligonucleotides are very 
5 efficiently cleaved from the drug carrier in the cytoplasm, which contains glutathion at this given concentration. 

[0069] To mimic cytoplasmic release of antisense morpholino oligonucleotides from the drug vehicle as shown 
in the figures, 5 mM GSH (y-I^glutamyl-L-cysteinylglycine, MW 307.33) was added to the reaction mixture 
at room temperature. The mixture contained 0.25 mM of the drug vehicle in water. At various times, the reaction 
was stopped by the addition of an excess of N-ethylmaleimide (20 mM final concentration) over total sulfhydryl 

10 moieties. The reduced antisense was detected as N-ethylmaleimidyl antisense. The reaction products were 
separated by HPLC and the released antisense morpholinos were detected by their UV absorbance at 260 nm. The 
results are shown in Fig. 10b. A Complete (100%) release is referenced to the reduction in the presence of 50 mM 
DTT at 37°C for 1 h. HPLC analysis was performed with a Merck-Hitach analytical HPLC unit using a gel 
filtration column. Separation was carried out on a (300 x 7.7 mm) Macherey & Nagel 125-5 GFC-HPLC column 

1 5 using sodium phosphate buffer (50 mM, pH 7.4) with a flow rate of 0.75 ml/min. 

Treatment of Human Glioblastoma Grown in Brain of Nude Rat with Laminin-8 Antisense 
Oligonucleotides Conjugated to Poly-L-Malic Acid. 

[0070] Specific drug delivery is crucial for treating tumors and reducing side effects for normal cells. 
Simultaneous inhibition of several molecular targets at the level of protein synthesis may be highly effective in 
20 preventing tumor growth and progression. Laminin-8 chains overexpression is associated with glioma progression, 
and laminin-8 blocking inhibits glioma invasion in vitro [34]. 

Methods 

[0071] Polvmalic acid (PMLA) . A multifunctional drug delivery construct consists of modules attached to the 
pendant carboxyl groups of polymalic acid (PMLA). The polymer is a natural product of Physarum polycephalum 

25 [27]. The modules are (1) morpholino antisense oligonucleotides conjugated to the scaffold by disulfide bonds, 
which bonds are cleaved in the cytoplasm to release the free drug, (2) antibodies against transferrin receptor for 
cancer cell targeting and receptor-mediated endocytosis, (3) short chain PEG-conjugated L-leucine and directly 
coupled L-valine, both linked through amide bonds, to provide pH-dependent lipophilicity to disrupt endosomal 
membranes, (4) long chain PEG for increasing time in circulation, and (5) fluorescent reporter molecules 

3 0 (fluorescein, Cy5 or similar fluorophores) to detect the construct molecule within the tissue/cell. 

[0072] Scheme of Drugs used for the animal treatment. 

• Drugl: antisense oligo to laminin a4 + antisense oligo to laminin pi (oc4:pi=l:l); 

• Drug 2: antisense oligo to laminin oc4 + antisense oligo to laminin pi (a4:pi=l : 1) + monoclonal anti- 
transferrin receptor antibody (antibody OX-26 to rat CD71 from Chemicon International) as vehicle for 

3 5 * delivery to the fast dividing cells [35, 36, 37, and 38]; 
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• Drug 3: antisense oligo to laminin a4 -I- antisense oligo to laminin pi 4- antisense oligo to EGFR 
(a4:pi:EGFR=l:l:l); 

• Drug 4: antisense oligo to laminin cc4 + antisense oligo to laminin pi + antisense oligo to EGFR 
(oc4:pi:EGFR=l:l:l) + anti-transferrin receptor antibody. 

5 • Drugs 1 A, 2A, 3A and 4A were identical to the drugs of the corresponding number (i.e., Drug 1 was 

identical to Drug 1 A) except that the corresponding sense oligos were used in place of the antisense 
oligos. 

[0073] Drug 1: antisense oligo nucleotide to laminin a4 chain and antisense oligo nucleotide to laminin pi chain 
conjugated to PMLA; Drug 2: antisense oligo nucleotide to laminin a4, antisense oligo nucleotide to laminin pi 5 
1 0 and monoclonal anti-transferrin receptor antibody (antibody OX-26 from Chemicon International) conjugated to 
PMLA. Controls (Drugs 1A and 2A) were the same carrier conjugates with the antisense oligos replaced by 
corresponding sense oligos. The human U-87MG glioblastoma cell line was used for in vitro experiments and 
injected intracranially into MHRNU-M N1H nude outbred homozygous rats (Taconic Inc.). 

[0074] NIH Nude outbred rats (Tac:N:NIH-Whn, Taconic) were used for these tests. For antisense treatment, we 
1 5 used Morpholino oligos (Gene Tools, LLC) as the most specific, stable and effective both in vitro and in vivo. 
Morpholinos have been used in the past successfully for in vitro studies, but in vivo, their delivery has been less 
successful [6, 7]. Poly-L-malic acid (PMLA) was used as a delivery carrier for getting the Morpholinos into the 
cells. The principle of the method for purification of PMLA has been described [25]. A modem scaled-up PMLA 
production method [27] was used. The chemistry of PMLA functional groups has been investigated [28, 29], 
20 showing that the chemical derivatization and purification of the products in both organic and aqueous solvents is 
readily achievable. For our experiments, PMLA was chemically conjugated to a monoclonal antibody against 
transferrin receptor, to make the drug most specific for fast dividing cells [35, 36, 37, and 38], in addition to 
targeting tumor-specific laniinin-8 chains. 

[0075] Preliminary toxicity studies were performed for morpholino oligonucleotides, PMLA and their conjugate 
25 after complete synthesis, 30 days after injection of each chemical, gross and micro-pathological analysis were 
performed, and no abnormal changes were noted. Animals did not develop neurological abnormalities and their 
appetites were also normal. Animal test subjects were created by injecting human glioblastoma U-87MG cells 
intracranially using a stereotactic device. The drug treatments started three days after the injection of tumor cells. 

[0076] For intracranial treatment, rats were injected with antisense oligos on days 3, 7, 10 and 14 (four treatments 
3 0 total) as diagrammed below. 

In vivo treatment schedule 

Day 3 7 10 14 Administration of drug (intracranial injections) 



35 Day 1 : tumor implantation 
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[0077] Groups of 12 rats each were injected with oligos to laminin-8 oc4 + pi chains at doses of 0.5 mg/kg or 2.5 
mg/kg. Control groups of 1 1 rats each were injected with sense oligos to a4 chain + pi chain at 0.5 mg/kg or at 2.5 
mg/kg. All surgical and non-surgical procedures were performed according IACUC protocol 001118, dated 
August of 2003. For intracarotid treatment, a group of rats had a catheter implanted into the carotid artery right after 
5 the tumor implantation. The catheter was connected to an implantable subcutaneous injection port. The rats were 
given infusion of 900 pi of antisense and sense oligos solution (0.06 ml per minute for 1 5 minutes with a peristaltic 
pump) into the right carotid artery via the subcutaneous port chamber followed by heparin flush. Rats were 
euthanized in 30 minutes after the end of infusion. The control consisted of: (a) 3 rats that were euthanized on day 
40 without any kind of treatment to obtain normal control tissue, and (b) 4 rats with tumors that were sham-injected 
10 intracranially with PBS on days 1, 3, 7, 10 and 14, and euthanized for tissue harvest as soon as* they developed 
neurological symptoms caused by tumor progression. 

Results. 

[0078] Intracranial tumor treatment . Drug 2 doses of 0.5 and 2.5 mg/kg were equal for the treatment in the 
survival study. After intracranial administration of four doses of Drug 2, the animal survival time was increased by 
1 5 30%, p<0.008 (Fig. 1 1), compared to rats treated with PBS (mock) or sense oligos (Drug 2A). Two treatments, 
however, only produced a marginal effect Drug 1 without transferrin receptor antibody did not affect survival. 
Therefore, the mechanism of drug cell delivery is probably transferrin receptor-mediated endocytosis. Interestingly, 
addition of antisense to EGFR to Drug 2 (Drug 4) resulted in loss of activity, possibly due to increased glioma cell 
survival in hypoxic conditions with EGFR inhibited [39], 

20 [0079] The mechanism of drug internalization was investigated in cultured glioma cells. When cells were treated 
with fluorescein-labeled Drug 2 and rhodamine-labeled endosomal marker FM 4-64 (Molecular Probes, Eugene, 
OR) the staining for both compounds showed co-localization. In 10 minutes, stains co-localized near cell 
membrane and in 30 minutes both labels were found in the endosomes (Fig. 12). 

[0080] If cells were pretreated with transferrin receptor antibody and then treated with Drug 2 in ten minutes, the 
25 drug was not seen in the cytoplasm (data not shown). These results suggest that transferrin receptor antibody is 
required as part of the active drug because it allows drug penetration into cells by receptor-mediated endocytosis, 
after which the antisense oligos can be released within the target cells. If the cells are pretreated with free antibody 
to transferrin, the receptors are blocked and the antibody on the drug is unable to bind. 

[0081] We found that Drug 2 decreases vessel density and specific laminin chain expression in human gliomas 
30 xenotransplanted to nude rats. We demonstrated that Drug 2 designed to inhibit laminin-8 expression reduces 
vessel density in tumors. These vessels were visualized by immunostaining for von Willebrand factor. The number 
of vessels was counted in both drug-treated and untreated animals, in five microscopic fields on three serial 
sections (15 fields per tumor) under x200 magnification, using a Zeiss Axioscop microscope connected to an 
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image capturing system (Hamamatsu, Japan). The data were input into NIH ImageJ software to quantify the 
vessels. Statistical significance was determined by ANOVA. 

[0082] Angiogenesis. As shown on Fig. 13, microvascular density in the U87MG human tumors without 
treatment was significantly higher than in normal brain. After four intracranial treatments with Drug 2 tumor vessel 
5 density was reduced by 55%. Data are presented for control brains of three sham-operated (normal) rats (45 
microscopic fields), five rats (75 microscopic fields) with untreated tumors, and five rats with Drug 2-treated 
tumors (75 microscopic fields). The results confirm the antiangiogenic mechanism of action of Drug 2 designed to 
inhibit laminin-8 expression. 

[0083] Laminin chain immunostaining. It was important to show that Drug 2 in fact inhibited the expression of 
10 targeted laminin-8 chains. To this end, experiments were conducted both in vivo and in vitro. For tumor 
immunostaining, an antibody to human laminin-8 pi chain was used that does not recognize rat laminin but reacts 
with tumor-derived laminin. Fig. 14 shows the effect in cell culture where the antisense effectively eliminates the 
immunostaining. As shown in Fig. 15, Drug 2 also effectively reduced immunostaining for laminin pi chain in 
xenotransplanted human tumors. 

15 [0084] Inhibition of laminin-8 expression in vitro was assessed in conditioned media of two cultured human 
gliomas, U87MG and T98G, treated for 3 days with Drug 2. Western blot analysis on Fig. 16 shows marked 
reduction of laminin oc4 chain (three-fold decrease by densitometry) and disappearance of laminin pi chain. 
Therefore, Drug 2 efficiently inhibits the expression of target laminin chains both in vivo and in vitro. 

Intracarotid and intravenous tumor treatment in vivo. 

20 [0085] Fourteen days after human U87-MG glioma cells inoculation into rat brain for intracarotid treatment, 
Group of 3 rats had a catheter implanted into the carotid artery right after the tumor implantation. The catheter was 
connected to an implantable subcutaneous injection port. The rats were given infusion of 900 jul of antisense and 
sense oligos solution (0.06 ml per minute for 1 5 minutes with a peristaltic pump) into the right carotid artery via the 
subcutaneous port chamber followed by heparin flush. Drug 2 was injected at a concentration of 2.5 pg/kg for 

25 intracarotid treatment or via the tail vein at a concentration of 5 pgfcg (3 rats as well). The drug distribution was 
examined at 1, 3, 12 and 24 hours after injection. Using the fluorescence unit, we detected the drug in transplanted 
tumor cells (heavy staining) and vascular cells (lighter staining) of the brain (Fig. 17). Drug 2 was visualized by 
means of a rhodamine stained antibody that labels (in red) the transferrin antibody canied by Drug 2. The cell 
nuclei are counterstained with DAPI (blue). Rat brain (right panel) shows limited, mainly vascular, staining while 

30 the transplanted U87MG tumor cells (left panel) are heavily labeled. Maximum concentration in these locations 
was achieved in 3 and 12 hours time-point after drug injection. These results confirm that Drug 2 penetrates the 
blood-brain barrier (BBB), possibly by means of receptor-mediated endocytosis. 

[0086] Conclusions. An in vivo model has been developed that is suitable for studying laminin-8 expression and 
its inhibition in human tumors. The combination of antisense oligos to laminin-8 oc4 and pi chains (blockage of 
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laininin-8) combined with a novel drug delivery vehicle, PMLA, efficiently inhibited laminin-8 expression in a 
xenografted intracranial human glioma in rats. After a preliminary four-times antisense treatment, the survival of 
treated animals with glioma was significantly increased, with p<0.008. These data indicate that PMLA-based 
antisense drugs using laminin-8 as a therapeutic target are effective in inhibiting human brain tumors. 

5 [0087J The following claims are thus to be understood to include what is specifically illustrated and described 
above, what is conceptually equivalent, what can be obviously substituted and also what essentially incorporates 
the essential idea of the invention. Those skilled in the art will appreciate that various adaptations and modifications 
of the just-described prefen'ed embodiment can be configured without departing from the scope of the invention. 
The illustrated embodiment has been set forth only for the purposes of example and that should not be taken as 
1 0 limiting the invention. Therefore, it is to be understood that, within the scope of the appended claims, the invention 
may be practiced other than as specifically described herein. 
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